Packetized access has some potential advantages over conventional circuit-switched based access methods because several signal sources can share the same radio channel using statistical multiplexing. We consider radio resource assignment algorithms for packetized access based on PRMA (Packet Reservation Multiple Access) protocol in the presence of co-channel interference. The statistical multiplexing gain of packet access is limited by frequency reuse, especially when the reuse factor is low or quality requirement is high.
INTRODUCTION
Future personal communications systems will accommodate a range of diversi ed services with di erent quality requirements. The network based on packet transmission and switching will facilitate network control and gracefully accommodate information from diverse sources. The potential of packet transmission with a smart routing procedure will improve the compatibility with the xed infrastructure (For example, B-ISDN handles packetized information using ATM technology 1]) and reduce the processing required at the network interface level 2]. Furthermore, several signal sources can share the same radio channel by using statistical multiplexing, thus improving spectrum e ciency signi cantly. For example, in the packetized voice transmission, the available resources are only exploited by a single user for short time intervals related to the speech activity factor. If a speech activity detector is implemented, it is possible to statistically multiplex a higher level of o ered tra c using the same number of radio servers. It was found by Goodman et al. 3, 4] that more than twice the voice users can be supported by a single TDMA radio port using packet access compared to circuit switching.
The e ect of di erent cellular system parameters on packet access has been studied by various group of researchers. The impact of cell characteristics, mobility and channel conditions were examined by Wong 5 ]. An enhancement of the PRMA protocol for high speed data transmission was introduced in the European ATDMA project for the third generation systems 6]. It separates uplink slots into two categories, one for information transfer and the other for reservation. This is a good technique at high speed where a fraction of resource can be allocated for reservation without signi cantly a ecting the e ciency of the system. Parthasarathy et al. 7] have studied a new loaddependent protocol for the integration of voice and data over PRMA. The available bandwidth is dynamically divided into voice information, voice contention and data based on the voice tra c load. The load dependent protocol improves the utilization of channel without degrading the performance of voice tra c. However, similar to the conventional cellular systems, the performance of packet transmission is a ected by interference from other cells. The co-channel interference can signi cantly increase the probability of packet loss, thus reducing the overall system e ciency. The performance of PRMA was analyzed in 8] for an interference-limited Rayleigh fading environment. In the paper, the authors studied two-branch selection diversity to combat inter-cell interference for di erent cluster sizes. Frullone et al. 9 ] have also studied the e ect of co-channel interference under such an environment. They adopted the concept of channel segregation for PRMA to improve the performance 10]. Channel segregation is an adaptive channel allocation scheme in which only a preset number of channels, depending on the priority, are opened for contention. The priority of each channel is updated based on the results of contention and the quality of the conversation during the talkspurt.
In papers 7] and 10], only either load or interference is used to improve the performance. In this paper, we combine both factors, i.e., load as well as co-channel interference, to improve the overall performance of packet access in the cellular system. This is achieved by making the permission probability a function of inter-cell interference and tra c load. The dependence between the two factors is modeled using fuzzy logic. We propose a fuzzy logic based assignment to improve the performance of packetized access. We consider voice communications as an example, however, the MAC algorithm can be applied to di erent types of tra c. Section 2 presents a brief overview of the PRMA protocol 3,4] with di erent slot assignment algorithms, including the proposed algorithm. The third section describes a large scale computer simulation for the packet access system. The performance of di erent access methods is discussed in the fourth section, followed by the conclusions.
SYSTEM DESCRIPTION
The packet access protocol exploits the fact that communications (both voice and data) consist of a sequence of activity periods. A speech can be modeled as a sequence of talk-spurts and gaps. The mathematical model of speech is discussed in 11]. Transmission time scale is divided into frames. Each frame contains a xed number of time slots. Following contention on a particular uplink time slot, a radio port broadcasts on the downlink whether it is reserved or available. If the slot is reserved, the feedback packet also identi es the terminal that is permitted to send the packet in the next frame. A terminal can thus classify each slot as either \reserved " or \available" at the end of the slot. If a terminal has some information to transmit, it will transmit a request packet to contend for an available slot. A request packet is transmitted only if the terminal has permission to transmit. Permission is granted by a pseudo random number generator in the original PRMA protocol. Upon successfully detecting the request packet, the port grants a terminal reservation for the exclusive use of that slot in the following frames. If the transmission fails due to a collision with packet from other terminals, the terminal seeks permission to transmit in subsequent available slots. A speech packet delayed beyond a certain time limit, i.e. D max slots, is dropped. In packet access, terminals contend for the \available" slot; a port does not completely decide the slot to be allocated. A user may select a slot that has many co-channel interferers. Hence, a medium access control (MAC) protocol is required to control the trade o between link quality and tra c throughput. An access algorithm should provide following desirable features:
Acceptable link quality, High tra c throughput, and Adaptability to tra c and interference variations.
Random slot assignment
Portables contend for all unused slots. All the slots and portables have same permission probability of 0.3 which was found to give best throughput (as in 4]) in a single cell system. For random slot assignment, link quality will be poor for those slots that have many co-channel interferers, although packet dropping probability will be low as all the free slots are available.
We also studied the case where only the best slot (i.e. the one having minimum interference) is made available. This will ful ll the rst feature of the access algorithm of having acceptable or good link quality. However, the tra c throughput will be poor because only a single time slot is available for access.
Fuzzy logic based assignment
Fuzzy logic is concerned with the basic principle of approximate reasoning, with strict reasoning viewed as the limiting case. The basic concept in fuzzy logic that plays a key role in many of its applications is the linguistic variable which is a variable whose value is based on the context or words or sentences in the natural language. Tra c intensity, interference and permission probability are linguistic variable as they can be easily expressed in terms of words such as high and low.
In fuzzy-logic based assignment, two input variables, occupancy of the port and interference in individual slots, are used to determine the permission probability of each slot. Interference of a slot can be found at the base by monitoring uplink interference level of the slot in the previous frame. Occupancy is de ned as the ratio of busy slots to the total number of slots in a frame. Hence, occupancy is also available at the port. Permission probability of each slot is calculated at the port and transmitted on the downlink. Permission probability is also used to control the number of unreserved slots made available. A zero permission probability assigned to a slot indicates that the slot is not available for contention.
Ideally, the number of slots allowed to be accessed in a frame should be set according to the number of active users in the frame. However, radio ports do not have the precise information about the number of simultaneous users at the port due to bursty nature of packet access. An alternative is the number of collisions detected by the port in the previous frame. It is di cult for a port to discriminate collision, interference or noise that occurs in an idle slot. The only parameter known precisely at the port is the number of busy slots, which on average is proportional to the number of active users accessing that port.
Availability of a slot can be varied based on the interference measurement done in the previous frame. A higher permission probability is given to the slots having lower interference and vice-versa. If the number of active users in a port is high, they will generate more access requests as compared to the case of lower number of active users. The chance that a request packet collides with packets from other users is high if permission probability is high. On the other hand, if permission probability is low then a packet may have to wait for a longer time before getting permission for the subsequent access of a slot. This may cause unnecessary delay in transmitting voice packets even when the slots are free. Hence, the permission probability should be set low if tra c intensity is high to avoid collisions, whereas it should be set high if tra c intensity is low to avoid excess waiting time.
The permission probability is obtained by inferencing a set of control rules (IF-THEN rules) stating the relationship of occupancy, interference and permission probability. These rules follow the reasoning explained in the beginning of this subsection. We have taken nine sets of rules to cover the complete range of occupancy and interference. This resulted in three sets of \membership functions" for both interference and occupancy shown in gures 1 and 2. Physical parameters are mapped onto membership functions characterizing fuzzy-logic concepts. For both input variables, three di erent membership functions, low, medium and high, are de ned. The occupancy can vary from 0 to 1. We have arbitrarily picked the value of membership function which represents a general behavior of the system. We did simulations at di erent occupancy to nd the range of interference variations 2 . The simulation study also helped in de ning the low, medium and high interference function as shown in gure 2. We have taken triangular shape for these membership functions. The membership function for fuzzy logic can take any shape as long as the shape is meaningful to be interpreted. The membership functions, control rules and center of the output fuzzy set ( y l ) are the parameters which can be tuned according to the system behavior. However, after deciding on membership function and control rules, the parameter y l is set to improve the system performance. The set of control rules used in the simulation are given in Table 1 . Note that at the same occupancy level, permission probability parameter ( y l ) is set opposite to the trend in the interference level. However, the range of variation y l is higher at the lower occupancy level. This is because at lower occupancy, channel availability is less critical than signal quality, setting extreme values for y l helps control signal quality. We found the appropriate value of y l by simulating the performance of the system for di erent values of y l . We found that performance is not sensitive to small variations in y l . The performance only deteriorates for larger variation in the value of y l (i.e. more than 15% of variation).
A crisp value of permission probability is found using central average defuzzi er 12].
where M is the total number of rules, n is the number of input variables and A l i (x i ) is membership value of variable x i for rule number l .
The output of this fuzzy-logic system is a weighted average of the center of the fuzzy set of output variable( y l ) and the weights are equal to the membership value of the input variables (x 1 ,x 2 ). Intuitively, output variable is a combination of all control rules. However, the more the input point agrees with a particular control rule, the more that rule in uences the output. 
COMPUTER SIMULATION
We consider multiple radio ports with co-channel interference. The simulation is performed for packet switching in voice communications. The SIR considered is at the time of radio link access. We simulate both SIR distribution and probability of packet dropping for packet switch. Packets are dropped only when delay exceeds a certain limit; packets with insu cient SIR is not considered, but this factor will be included in a broader \grade of service" (GOS) measure discussed in section 4.
System model
The system parameters such as the number of slots per frame, time duration of a slot, maximum permissible delay D max , are given in Table 2 . Except for the frequency reuse, these parameters are taken to be similar to the 3], 4] so that results are comparable. We consider two dimensional square service area with 225 ports placed in equally spaced 15X15 regular grid locations. Ports have a xed and regularly repeated frequency assignment pattern, i.e. a 5X5 regular square grid pattern is repeated throughout the service area. The incoming tra c is randomly generated by 50000 portables which are uniformly spaced in the service area according to the tra c model described next. It is assumed that instant acknowledgment is possible, i.e. ports broadcast on the downlink the result of access request without latency. The e ect of latency is studied in 6]. 
Tra c model
Poisson tra c arrival is considered. By changing tra c load of the ports, di erent average occupancy is reached at the steady state 13]. The mean duration of call is taken to be three minutes. In packet switch, fast speech model is considered for active users to be consistent with the 3], 4]. The mean durations for principle silence, principal talk-spurt, mini-silence and mini-talkspurt are taken to be the typical values given in Table 3 . The speech activity factor for fast speech detector is 0.36. This is optimistic compared to slow speech activity detector which gives an activity factor of 0.42. Ideally, average occupancy = speech activity factor average carried tra c Number of slots/frame : 
Propagation model
Propagation model follows an inverse fourth power law attenuation with distance and the superimposed lognormal fading has standard deviation of 10dB. This model is applicable for the residential outdoor PCS environments. Short term fading is not considered. We consider the SIR on the uplink to assess the link quality from port's perspective. Downlink transmission is assumed to be in the continuous time division multiplex (TDM) format so that acknowledgment of contention result can be easily indicated on the corresponding slots 3 . As a result, all downlink slots in a port have the same SIR at a particular location. A portable selects the port with the best SIR to access.
The parameter values mentioned above for simulation are the typical values but the trends reported are general with a broad range of parameter variations.
PERFORMANCE COMPARISON
The main objective of this work is to evaluate the performance of di erent access techniques under a xed frequency reuse pattern. In order to compare the performance of access techniques, we de ne a parameter GOS (Grade-of-Service). 1-GOS represents reliability of carried tra c for the packet access method.
For packet switching, GOS = P drop + (1 ? P drop ) P low ; (3) where P drop is the probability of packet dropped as a result of delay beyond D max slots in packet access, P low is the probability that the uplink SIR at access is below a certain threshold (SIR th ). All these quantities are obtained from simulations. The aim is to minimize the GOS value in order to get an improved performance.
Trade o for di erent packet access strategies
The quality of voice at the port will decline due to two factors: 1)packet dropping due to excessive delay, and 2)packet loss due to poor SIR. The random slot assignment 3,4] protocol selects idle time slots randomly, thus the radio link quality is degraded in the presence of co-channel interference. The uplink SIR curve is plotted in gure 3 for di erent packet access methods at o ered tra c of 28 users per port resulting in average occupancy of about 0.5 (equ. 2)).
In random slot assignment, all unused slots are made available and permission probability is set at 0.3. In this case, P drop is 8:53 10 ?3 giving good throughput, however, more than 2% of the packets are below SIR th (17 dB). Signi cant SIR improvement can be achieved if ports make only the lowest interference slot available, i.e., the case of best slot assignment. However, dropping of packets will increase tremendously at the same time as only one unused slot is permitted to be accessed by the portables. This is the case for the best slot assignment method where the permission probability of slots is set at 0.3; the link SIR improves by about 16dB at the rst percentile compared to random slot assignment at the cost of a much higher P drop (5:33 10 ?1 ). In the case of fuzzy logic based assignment, link quality degrades from the best slot case but still achieves a good SIR (19db at rst percentile) while P drop is signi cantly reduced (1:02 10 ?2 ). The overall performance (GOS) for three cases is shown in Table 4 . The best slot assignment algorithm was studied just for comparison purpose and hence it will not be discussed further.
The best SIR achievable for packet switching is the one that is obtained for the best-slot assignment and the minimum P drop is obtained when all unused slots are made available. It is not possible to achieve the best SIR and lowest P drop simultaneously. However, one can choose proper parameter values to give a reasonable balance in these two aspects.
Best slot assignment Random slot assignment Fuzzy based assignment GOS 0.537 0.0283 0.0189 Table 4 : Performance of packet access methods Fuzzy-logic based system gives exibility in choosing the system parameters. The defuzzi er by giving permission probability of zero or higher makes a slot unavailable or available according to occupancy and interference condition. In table 1, we have mentioned one particular set of permission probability which is considered for simulation; although there is a range of parameters for which this algorithm gives similar performance. Ports can broadcast permission probability on the downlink based on the information gathered in the previous frame.
GOS for packet access methods
GOS against o ered tra c per port is plotted for two packet access methods in Figure 4 . The o ered tra c per port is the average number of active user in each port. It shows that the fuzzy logic based assignment gives better performance than the random slot assignment. For the case of random slot assignment, the probability of packet loss due to interference is the limiting factor as can be seen from Table 5 . The term P low is larger than the term P drop . It can also be inferred from the table that P low is signi cantly improved in the fuzzy logic based scheme without sacri cing the capacity of the packet access in terms of P drop . Figure 4 shows that random slot assignment and fuzzy logic based assignment reach similar performance at high tra c load. This is because fuzzy logic assignment makes most of its unused slot available, similar to random slot assignment, resulting in similar P drop and P low .
Random slot assignment Fuzzy logic based assignment O ered tra c per port Ideally, packet access should support more users by a factor inversely proportional to the duty cycle of speech activity. In reality, the number of active users per port is lower due to contention collision and co-channel interference. Since calls are not blocked in packet access, some packets may have very low SIR at high tra c density. In addition, the implementation imperfection of the speech activity detection must be understood. A reasonable strategy is to consider circuit voice and packet data before these issues are resolved. We can reserve some slots in a frame for packet access and others for circuit access; the fraction for packet access can be gradually increased as technology evolves. In addition, the results shown here may be considered as the upper bound performance of the fuzzy logic based assignment since fast speech activity detector is assumed. The tra c carried in the case of slow speech activity detector will be lower due to a lower speech activity factor.
The packet having poor link quality is similar to a lost packet. The GOS for packet access represents the packets dropped due to delay or lost due to poor link quality. For 99% reliability, the GOS should be lower than 1%. Random slot assignment can support about 14 users in 20 time-slots which is not a signi cant improvement over circuit access 14] . However, the fuzzy logic based access can support about 25 simultaneous users under the same conditions. By using the proposed algorithm, we are able to maintain the advantage of packet access method over circuit switch; more than twice the users per port can be supported.
Discussion
The focus of this paper is to introduce a methodology that can simultaneously address both tra c and interference conditions to adaptively provide a reasonable trade-o . We have not addressed performance optimization and comparison of di erent approaches. The system con guration considered in the paper is interference-limited. Hence, the fuzzy logic based MAC frequently improves the performance by reducing the degradation due to co-channel interference for a small penalty in packet dropping. However, the proposed protocol does not always degrade one performance parameter to improve the other. It improves the overall performance of the system by providing a suitable permission probability to individual slots. It is possible to reduce the term P low without penalizing the term P drop at some o ered tra c load (for example, at loads 8 and 10 in Table 5 ). We have presented the results with a xed frequency reuse plan. It is possible to trade capacity and performance by changing the reuse factor, which requires changing the frequency plan. The advantage of our fuzzy logic concept is that it does not require system recon guration and it can also be used to improve performance under di erent system con gurations. However, the parameter, y l , may need to be ne tuned according to the parameters when system is recon gured. Further improvement may be achieved by using dynamic channel assignment (DCA). Combining our fuzzy logic admission control strategy with DCA is a subject for further study.
CONCLUSIONS
Co-channel interference signi cantly reduces the average o ered tra c per port obtainable by the packet access protocol having random slot assignment. Under such a condition, the bene t of statistical multiplexing is reduced. We have proposed a fuzzy logic based MAC protocol that signi cantly recovers the lost tra c capacity in a multiple-port environment with a xed frequency reuse. Simulations were performed using voice packet access and a speci c system con guration, as an example, to show that this method provides an adaptive mechanism to achieve a reasonable system trade o . The proposed packet access algorithm improves the performance by computing permission probability adaptively based on the tra c and interference conditions and broadcasting it on the downlink. Fuzzy approach provides a potential mean of \soft" combination of interference and load in the MAC protocol, thus achieving a higher statistical multiplexing in the packetized access. Optimization of fuzzy logic parameters, possibility of including dynamic channel assignment and performance issues for mixed tra c and various system con gurations are topics for further study. 
